Abstract. The sinking of particulate organic carbon (POC) is a key component of the ocean carbon cycle and plays an important role in the global climate system. However, the processes controlling the fraction of primary production that is exported from the euphotic zone (export ratio) and how much of it survives respiration in the mesopelagic to be sequestered in the deep ocean (transfer efficiency) are not well understood. In this study, we use a three-dimensional, coupled physical-biogeochemical model (CCSM-BEC; Community Climate System Model-ocean Biogeochemical Elemental Cycle) to investigate the processes controlling the export of particulate organic matter from the euphotic zone and its flux to depth. We also compare model results with sediment trap data and other parameterizations of POC flux to depth to evaluate model skill and gain further insight into the causes of error and uncertainty in POC flux estimates. In the model, export ratios are mainly a function of diatom relative abundance and temperature while absolute fluxes and transfer efficiency are driven by mineral ballast composition of sinking material. The temperature dependence of the POC remineralization length scale is modulated by denitrification under low O 2 concentrations and lithogenic (dust) fluxes. Lithogenic material is an important control of transfer efficiency in the model, but its effect is restricted to regions of strong atmospheric dust deposition. In the remaining regions, CaCO 3 content of exported material is the main factor affecting transfer efficiency. The fact that mineral ballast composition is inextricably linked to plankton community structure results in correlations between export ratios and ballast minerals fluxes (opal and CaCO 3 ), and transfer efficiency and diatom relative abundance that do not necessarily reflect ballast or direct ecosystem effects, respectively. This suggests that it might be difficult to differentiate between ecosystem and ballast effects in observations. The model's skill in reproducing sediment trap observations is equal to or better than that of other parameterizations. However, the sparseness and relatively large uncertainties of sediment trap data makes it difficult to accurately evaluate the skill of the model and other parameterizations. More POC flux observations, over a wider range of ecological regimes, are necessary to thoroughly evaluate and test model results and better understand the processes controlling POC flux to depth in the ocean.
Introduction
The transfer of carbon from the upper ocean to deep waters through the sinking of particulate biogenic material (biological pump, Volk and Hoffert, 1985) is a major component of the ocean carbon cycle and plays an important role in regulating atmospheric CO 2 levels (Archer et al., 2000; Siegenthaler et al., 2005) . However, the processes controlling the fraction of primary production that is exported from the euphotic zone (export ratio) and how much of it survives respiration in the mesopelagic to be sequestered in the deep ocean (transfer efficiency) are not well understood (Boyd and Trull, 2007) . Biogenic minerals (CaCO 3 and opal) are thought to be important controlling factors (ballast hypothesis) by increasing the density of sinking particles and/or providing protection against remineralization. The ballast hypothesis is based on observations of a strong correlation between POC (particulate organic carbon) fluxes and the flux of biogenic minerals in deep sediment traps (Armstrong et al., 2002; François et al., 2002; Klaas and Archer, 2002) . Ecosystem structure is also thought to play an important role (Guidi et al., 2009; Lam et al., 2011; Henson et al., 2012a, b; Wilson et al., 2012) . According to this view, diatom-dominated phytoplankton communities in productive areas, such as high-latitude environments and upwelling regions, produce large, dense and relatively labile aggregates that are readily exported but decay rapidly at depth, resulting in a high export ratio but low transfer efficiency in these regions. Conversely, in lower-latitude oligotrophic environments, where diatoms are largely absent, primary production is low and mostly regenerated; consequentially, the small fraction of material that is eventually exported is likely to be refractory and undergo relatively little degradation at depth, resulting in low export ratio but high transfer efficiency. A "packaging effect" may also be at work (François et al., 2002) . Carbonate-dominated regions tend to produce hydrodynamic, fast-sinking fecal pellets that reach greater depths (high transfer efficiency), while opal-dominated regions tend to produce slower sinking, loose aggregates that are rapidly remineralized in the mesopelagic (lower transfer efficiency). Understanding the processes that control the flux of particulate organic material to the deep ocean in order to quantify the strength and efficiency of the biological pump is essential to an accurate projection of the ocean's response to and feedback on anthropogenic perturbations.
Sparse in situ data from sediment traps have relatively high associated uncertainties and do not resolve the spatial variability in the vertical particle flux. This makes it difficult to understand the mechanisms driving the vertical particle flux and leads to large uncertainties in global and regional budgets. In this context, numerical models offer a powerful research tool. Models supplement observations by providing flux estimates in undersampled regions and at spatialtemporal coverage and resolution that are impractical or difficult to sample, thus allowing us to investigate phenomena poorly resolved by observational data. Models also provide the means to synthesize the available information into a practical and useful framework that can be used for quantitative analysis and evaluation, and as an heuristic tool that offers guidance and recommendations for future observations. In addition, comparison of model results with observations allows us to assess model skill and leads to improved mathematical representations of biogeochemical processes.
In this study, we use results from a three-dimensional, coupled physical-biogeochemical model in combination with in situ data from sediment traps to (1) investigate the processes controlling the export of particulate organic matter (POM) from the euphotic zone and its flux to depth, and (2) see how these processes interact to produce spatial and temporal variability in export ratios and transfer efficiencies. We also compare our model results with sediment trap data and other parameterizations of particulate organic carbon (POC) flux to depth to evaluate model skill and gain further insight into the causes of error and uncertainty in POC flux estimates.
Methods

Model formulation
The model used in this study is the Community Climate System Model-ocean Biogeochemical Elemental Cycle (CCSM-BEC) which consists of an upper-ocean ecological module (Moore et al., 2004 ) and a full-depth ocean biogeochemistry module both embedded in a three-dimensional (3-D) global physical ocean general circulation model (Collins et al., 2006) . The ecosystem module includes three phytoplankton functional groups (small picoplankton/nanoplankton, diatoms and diazotrophs), a general adaptive zooplankton class and multi-nutrient (N, P, Si, Fe) limitation on phytoplankton growth (Doney et al., 2009a, b) . Calcification by coccolithophores is parameterized as a fraction of the picoplankton/nanoplankton production as a function of temperature and nutrients. The biogeochemistry module ) is based on an expanded version of the Ocean Carbon Model Intercomparison Project (OCMIP) biotic model (Najjar et al., 2007) and includes full carbonate system thermodynamics, air-sea CO 2 and O 2 fluxes, nitrogen fixation and denitrification (Moore and Doney, 2007) , and a dynamic iron cycle with atmospheric dust deposition, water-column scavenging and a continental sediment source. More detailed information on the ecological and biogeochemical components of the model is available in Moore et al. (2004) , Doney et al. (2009a) and Doney et al. (2009b) .
The treatment of sinking particulate organic material in CCSM-BEC is implicit and based on the ballast model of Armstrong et al. (2002) . POC, particulate CaCO 3 and opal are produced by phytoplankton and zooplankton mortality, and grazing by zooplankton on all three phytoplankton groups (Eqs. A1-A3 in Appendix A1). The vertical flux of POM is assumed to decay exponentially with depth with a remineralization length scale (λ) that varies according to the mineral content of the organic matter. Sinking POM is assumed to have "free" and mineral-associated fractions. The mineral-associated portion is further divided into soft and "hard" fractions. The free fraction decays following the remineralization length scale for POC, while the mineralassociated fraction decays according to the corresponding soft mineral dissolution length scale. The hard mineralassociated fraction is assumed to be fast sinking and/or resistant to degradation (very long remineralization length scale) and thus to sink to the bottom of the ocean before remineralization. Ballast minerals include CaCO 3 from coccolithophores, biogenic silica (opal) from diatoms and dust from atmospheric deposition. The remineralization of POC and opal are known to be strongly influenced by temperature, so the remineralization length scales for free POC and opal increase with decreasing water temperature following temperature response functions (Eqs. A15, A16 in Appendix A1). The remineralization length scale for free POC also increases in regions of low dissolved O 2 (< 4 mmol m −3 ) where organic matter is oxidized less efficiently through denitrification. The vertical particle flux model is, in essence, equivalent to a sum of exponentials in which the different terms, representing organic matter of different mineral composition under different environmental conditions, change in space and time. The vertical particle flux component of CCSM-BEC, including equations, parameter values and the routing of POC to the different subclasses, is described in more detail in Appendix A1.
The version of CCSM-BEC we use has a resolution of 3.6 • in longitude and 0.8-1.8 • in latitude, and 25 vertical levels (Yeager et al., 2006) . The effects of mesoscale eddy transport and mixing are parameterized following Gent and McWilliams (1990) . The Large et al. (1994) K-Profile Parameterization is implemented in the vertical to capture surface boundary-layer dynamics and interior diapycnal mixing. The ocean circulation model is forced with physical climate forcing from atmospheric reanalysis and satellite data products and time-varying dust deposition (Mahowald et al., 2003) . Analysis is performed on a 12-month climatology computed from the last 20 yr of a 840 yr run with repeat annual cycle of physical forcing and dust deposition, and fixed pre-industrial atmospheric CO 2 concentrations (280 ppmv). CCSM-BEC shows good skill in reproducing observed spatial distributions as well as seasonal and interannual variability patterns of sea surface temperature, mixed layer depth, surface chlorophyll and nutrients, and net primary production (Doney et al., , 2009b .
Model analysis
We investigate the dynamics of vertical POC flux in CCSM-BEC by fitting the model results to a relatively simple threeparameter exponential model of POC flux to depth and looking at the distribution and range of the fit parameter values, and their relationship to environmental and biogeochemical factors. The idea is to synthesize the complexity of CCSM-BEC's particle flux model into a smaller, yet representative, set of parameters that can be more easily studied and understood. The exponential model of POC flux (F ) at depth (z) is defined as
where f is the fraction of vertically integrated net primary production (NPP) that is exported (export ratio), α is the labile fraction of POC, λ is the remineralization length scale, and z 0 is the export depth. The derivation of Eq. (1) is presented in Appendix A2.
To simplify analyses and computations, annual and seasonal (January-March, April-June, July-September, October-December) means of net primary production (NPP), POC production, and biomineral (CaCO 3 and opal), dust and POC vertical fluxes are computed from the 12-month climatology of model results. In this study, NPP is defined as the fixation of carbon by the phytoplankton groups through photosynthesis and POC production is defined as the production of dead particulate organic matter (detritus). Export depth (bottom of euphotic zone ) shows significant regional and seasonal variation (Najjar and Keeling, 1997; Buesseler and Boyd, 2009 ) and large differences (> 100 m) between locations and/or seasons can significantly impact export estimates (Boyd and Newton, 1999) . So export depth (z 0 ) fields are computed from the annual and seasonal means as the depth where POC production is equal to 1 % of maximum POC production in the water column. The parameters α, λ and f are then estimated by fitting Eq. (1) through a nonlinear least squares technique to the annual and seasonal means of NPP and POC flux profiles at each CCSM-BEC grid point. Grid cells with water columns shallower than 900 m and/or with seasonal ice coverage greater than 10 % are excluded from the analysis. The Arctic ocean region is also excluded from the analysis, due to the lack of observations to evaluate model skill in the region (see Sect. 2.3), and generally poor fits due to unrealistic model POC flux profiles, particularly under the ice in winter.
The range and distribution of α, λ and f values represent variations in organic matter composition, transfer efficiency and export ratios, and reflect the flexibility and range of behavior of CCSM-BEC's particle flux model. Examination of the relationship between α, λ and f values and environmental and biogeochemical factors gives us insight into the processes driving the export of POC from the euphotic zone and its flux to the deep ocean, and how these processes interact to produce spatial and temporal variability in export ratios and transfer efficiencies.
In addition to the exponential model parameters, we also examine direct CCSM-BEC estimates of POC flux, export ratios and transfer efficiencies. CCSM-BEC export ratio is computed as the annual POC flux at z 0 (export flux) divided by the annual vertically integrated NPP. Transfer efficiency is computed as the ratio of annual POC flux at 2000 m to the annual POC flux at z 0 . We chose 2000 m as it is a commonly used reference depth for computing transfer efficiency (Henson et al., 2011 (Henson et al., , 2012b , and because particulate fluxes tend to not vary significantly below this depth (François et al., 2002; Honjo et al., 2008) .
Model evaluation
We evaluate CCSM-BEC's skill by comparing model POC fluxes with in situ data from sediment traps. Here we use annual mean POC fluxes at 254 locations ( Fig. 1) , computed from a climatological year compiled by Lutz et al. (2007) using 25 yr of observations from sediment traps. For the comparison, the CCSM-BEC mean annual POC flux is computed from the 12 month model climatology with POC flux values extracted at the locations and depths of the sediment traps. Model and observations are compared globally and for each individual region of the model domain (Fig. 1) . We also compare CCSM-BEC's skill with that of other parameterizations of POC flux to depth to gain insight into the sources of bias, error and uncertainty in POC flux estimates. The empirical model of Lutz et al. (2007) and the exponential model (Eq. 1) presented in Sect. 2.2 are evaluated against the same sediment trap data from Lutz et al. (2007) . The Lutz model estimates the annual mean POC flux at depth from annual mean NPP using an exponential relationship with parameters that vary spatially as functions of the seasonal amplitude in NPP (Lutz et al., 2007) . The authors' assumption is that the fraction and biodegradability of exported production are mainly influenced by ecosystem structure, which is related to the seasonal amplitude in NPP. In stable environments, primary production is mostly regenerated so a smaller fraction of NPP is exported and the exported material is more refractory, while in seasonal environments, production exceeds consumption and recycling, so a larger fraction of NPP is exported in a more labile state. POC flux estimates are computed at the locations and depths of the sediment traps using the Lutz model and CCSM-BEC-derived and satellitederived NPP extracted at the sediment trap locations. Satellite NPP is computed from a 1 × 1 • monthly climatology of surface chlorophyll from SeaWiFS (Sea-viewing Wide Field-of-view Sensor) using the VGPM (Vertically Generalized Production Model) model of Behrenfeld and Falkowski (1997) . To investigate the effect of factors associated with the seasonal amplitude in NPP on POC flux estimates, we compute POC flux at the locations and depths of the sediment traps using a "null" version of the Lutz model, in which the parameters are set to their spatial means and held constant for all locations.
POC flux estimates are also obtained using the exponential model (Eq. 1), fitted to the sediment trap measurements and NPP data, to compute POC flux at the locations and depths of the sediment traps. We fit Eq. (1) to all 254 POC flux observations combined, using annual mean NPP values from both satellite and CCSM-BEC extracted at the sediment trap locations. This results in two sets of global parameters α, λ and f , one for each NPP data set (satellite and CCSM-BEC), that are used to compute POC flux at the sediment trap locations. To examine the effect of regional variations in organic matter composition, remineralization length scale and export ratios on POC flux estimates, we fit Eq. (1) to sediment trap and NPP data grouped by model domain region (Fig. 1) . This is also done using both satellite and CCSM-BEC NPP. The POC flux is then computed at the sediment trap locations using regionally varying α, λ and f values, and their corresponding NPP data set (satellite and CCSM-BEC). In the regions where the fit is poor or where there are no observations, α, λ and f are set to the global values computed in the previous step. The export depth (z 0 ) is set to the CCSM-BEC global average (110.4 m, Fig. 4b ) in all exponential model fits. In summary, we evaluate eight different parameterizations of POC flux to depth against the sediment trap data. Namely, the CCSM-BEC model, the Lutz et al. (2007) model with satellite and CCSM-BEC NPP, the Lutz et al. (2007) null model with satellite NPP, and the exponential model (Eq. 1) with satellite and CCSM-BEC NPP and with constant and regionally varying parameters.
In this study, we use the simple exponential model (Eq. 1) in two different ways. First we use it to "summarize" the complexity of the CCSM-BEC particle flux model in a small set of parameters (α, λ and f ) that are then used to describe and analyze the behavior of the CCSM-BEC model. The spatial and seasonal distributions of these parameters and their errors, and their relationship with environmental and biogeochemical factors, give us insight into the processes and mechanisms controlling the export and transfer efficiency in the CCSM-BEC model (Section 3.3). We also use the exponential model, fitted to sediment trap measurements, in the skill evaluation of different models/parameterizations against observations. Comparison of models of varying complexity against observations gives us insight into the sources of bias and uncertainty in the different parameterizations, and tells us whether observations provide enough contrast and resolution to adequately evaluate models (Section 3.1 and Section 4).
Results
Comparison with observations
Overall, CCSM-BEC does a reasonably good job estimating the observed annual mean POC fluxes at the locations and depths of the sediment traps in the Lutz data set. A type II linear regression of log 10 -transformed POC flux estimates from CCSM-BEC against log 10 -transformed observations results in a correlation coefficient of 0.65 and a slope of 0.91 (Fig. 2a) . However, the agreement between model and observations can vary significantly by region. CCSM-BEC estimates are consistent with observations in most regions (Fig. 2b, , with correlations ranging from 0.81 (northern subtropical Atlantic) to 0.56 (North Pacific). In the northern subtropical Pacific (Fig. 2g ) and northern subtropical Atlantic ( Fig. 2k) , CCSM-BEC tends to underestimate the POC flux at the shallower traps, and in the North Pacific (Fig. 2h ) CCSM-BEC consistently underestimates the sediment trap fluxes at all depths. In the southern subtropical Pacific and western equatorial Pacific (Fig. 2d, e) , CCSM-BEC and observations are uncorrelated (r = −0.08) and negatively correlated (r = −0.25), respectively. This is due to the combination of a low number of observations in these regions and errors and uncertainties in the model and sediment trap estimates. Model and observational errors, which tend to cancel each other out in large samples, have a larger impact on correlations and regression slopes when sample size is small. CCSM-BEC also significantly underestimates the flux at four of the nine sediment traps in the western equatorial Pacific, resulting in a negative correlation with observations. In the eastern equatorial Pacific (Fig. 2f) , observations vary within a narrow range (0.2-0.5 mmol m −2 d −1 ), and thus uncertainties in the model and sediment trap estimates have a larger relative impact, resulting in a large scatter around the regression line and low correlation (r = 0.23). In the northern Southern Ocean, the trend is correct (b ≈ 1) but the overestimation and underestimation of the fluxes at shallow and deep traps, respectively, results in a wide scatter and low correlation (r = 0.30). Figure 3 shows the estimated annual mean POC fluxes at sediment trap locations and depths from eight different parameterizations of POC flux to depth (including CCSM-BEC) plotted against observations from the Lutz data set. With some variation, all parameterizations show reasonably good skill in reproducing the annual mean POC fluxes estimated from sediment traps. Type II regression slopes from the log 10 -transformed fluxes vary between 0.71 and 0.97, and correlation coefficients range from 0.5 to 0.72. In the CCSM-BEC and Lutz models, different regional errors and biases compensate for each other, resulting in similar overall skill for both models (r ≈ 0.65, m > 0.9). The Lutz model overestimates the POC flux in the North Atlantic and underestimates it in the eastern equatorial Pacific and in many locations in the northern Indian Ocean, while CCSM-BEC underestimates the POC flux in the northern subtropical Atlantic and North Pacific and overestimates it in the eastern equatorial Pacific and several locations in the northern and southern Southern Ocean. The negligible difference in skill between the Lutz and the Lutz null models (Fig. 3b, c) suggests that the seasonal amplitude in NPP has little effect on model skill or that it is not a good proxy for differences in ecosystem structure. Another possible explanation is that the magnitude of NPP (annual mean) already contains information on ecosystem structure. Diatoms tend to be dominant in productive (high annual NPP) regions, while nanoplankton/picoplankton are dominant in oligotrophic areas (low annual NPP). Given the correlation between NPP and phytoplankton community structure, the added effect of variations in the seasonal amplitude in NPP may not be significant compared to the relatively large uncertainties in sediment trap estimates. The Lutz model shows lower skill (r = 0.5, b < 0.9) when using NPP from CCSM-BEC. This is in part expected as the equations used to compute the parameters in Lutz's exponential relation were obtained from fits to the seasonal variation index (SVI = temporal coefficient of variation of 12 month climatology, Lutz et al. (2007) ) of SeaWiFS NPP. Therefore, errors and biases in CCSM-BEC NPP can have an effect. CCSM-BEC significantly underestimates NPP in parts of the North Pacific and in the northern subtropical Atlantic along the upwelling region off the west coast of Africa (Doney et al., 2009b) , where a number of the sediment traps are located (Fig. 1) . As a result, the Lutz model with CCSM-BEC NPP underestimates the POC flux in a large number of locations in these regions. The SVI for CCSM-BEC NPP is also significantly higher than that for SeaWiFS NPP at many trap locations in the North Atlantic and northern and southern Southern Ocean. This leads to significantly higher export ratios and a decrease in the remineralization length scale in the Lutz model, and a net increase in the POC flux to depth at these locations compared to estimates using SeaWiFS NPP. The underestimation of POC fluxes at sites in the North Pacific and northern subtropical Atlantic, and the overestimation of POC fluxes at locations in the North Atlantic and Southern Ocean, result in a wider scatter and lower correlation for the Lutz model using CCSM-BEC NPP (Fig. 3d) .
As expected, the exponential model (Eq. 1) with regionally varying parameter values (α, λ, f ) (Fig. 3g, h ) shows better skill (higher correlation, slope closer to 1) than the exponential model with spatially constant parameters (Fig. 3e, f) . However, due to its simpler formulation, the exponential model does not provide the flexibility necessary to reproduce the observed variation in POC flux profiles, and all four parameterizations of the exponential model (global, regional, satellite, and CCSM-BEC NPP) tend to underestimate shallow fluxes and overestimate deep fluxes ( Fig. 3e-h ), when compared to CCSM-BEC or the Lutz model ( Fig. 3a-d) . As in the case of the Lutz model, errors and biases in CCSM-BEC NPP lead to a wider scatter and lower correlations between model estimates and observations in both the global and regional exponential models ( Fig. 3e-h ).
The magnitude of export ratios (f ) in CCSM-BEC and their relationship with sea surface temperature (SST) are consistent with those reported in Henson et al. (2011) (Fig. 8d) . Export ratios are inversely correlated with SST (r = −0.6), ranging from 0.07-0.3 in temperate and subpolar regions to 0.03-0.2 in warm subtropical and equatorial waters. The wide scatter in the northern and southern Southern Ocean, subtropical Pacific and Atlantic (northern and southern) and Indian Ocean (northern and southern) results from the fact that export ratios in CCSM-BEC are mainly a function of the relative abundance of diatoms, which varies significantly in these regions ( 
CCSM-BEC global patterns
Annual mean export depth (z 0 ) in CCSM-BEC is generally shallower (< 100 m) in productive areas, such as coastal and equatorial upwelling and high-latitude regions, where both the euphotic zone and mixed layer are relatively shallow during the productive months, and deeper (> 120 m) in the oligotrophic gyres, where the euphotic zone is deep (> 100 m), and parts of the North Atlantic with very deep winter mixed layers (Fig. 4a, b) . Strong vertical mixing transports plankton deeper in the water column so grazing, mortality and POC production can occur below the euphotic zone, independent of light and NPP. Export depth is also higher (> 120 m) in the Gulf Stream and Kuroshio frontal zones, and along the subpolar front in the Indian and Pacific sectors of the northern Southern Ocean, due to deep mixing associated with strong air-sea cooling and evaporation and mode water formation (see for example Marshall et al., 2009) . Export flux (POC flux at z 0 ) closely resembles NPP (Fig. 4b, c ) and the two fields are well correlated (r = 0.82). Particle export is high (> 20 g C m −2 yr −1 ) in upwelling and high-latitude regions, and very low (< 2 g C m −2 yr −1 ) in the center of subtropical oligotrophic gyres (Fig. 4c ). As expected, particle export tends to be higher where the export depth is shallow and vice versa, with exception of the Gulf Stream and Kuroshio frontal zones, where export fluxes are relatively high and the export depth is deeper than 120 m (Fig. 4a, c) . The highest export fluxes (> 40 g C m −2 yr −1 ) are observed in the equatorial and coastal upwelling regions off the west coast of Africa and South America, the Arabian Sea, the subpolar frontal zones south of Australia and New Zealand, and off the southeast coast of South America (Fig. 4c) . The globally integrated total POC export across spatially varying export depth (z 0 ) is 6.04 Pg C yr −1 . The flux of POC at 2000 m shows similar geographical patterns to the particle export (Fig. 4c, d) , with values ranging from less than 0.2 g C m −2 yr −1 in the oligotrophic gyres to greater than 2 g C m −2 yr −1 in the equatorial Pacific, Arabian Sea and the subpolar frontal region off the southeast coast of South America (Fig. 4d) . The globally integrated total POC flux at 2000 m is 0.21 Pg C yr −1 .
Export ratio is high (> 20 %) in upwelling and highlatitude regions, where production is high and export depths are shallow; it is low (< 5 %) in the center of oligotrophic gyres, where NPP is very low and export depths are deep (Fig. 4a, b , e). Areas of moderate production and deep export depths in the northern Southern Ocean and parts of the North Atlantic have export ratios of the order of 10 % (Fig. 4e) . The global area-weighted mean export ratio is 12.9 %. Transfer efficiency and export ratio have generally opposing spatial distributions, except for the upwelling region in the equatorial Pacific and west coast of South America, where both are higher than the global mean. Transfer efficiency is high (> 7 %) in the center of oligotrophic gyres, reaching up to 40 % in center of the North Atlantic gyre, and low (< 5 %) in productive high-latitude regions and over most of the subtropical western Pacific (Fig. 4e, f) . The global area-weighted mean transfer efficiency is 5.5 %.
Exponential model
The least-squares fit of the exponential model (Eq. 1) to CCSM-BEC annual and seasonal means of vertical POC flux and NPP is very good. Linear regressions of "predicted" (exponential model) against "observed" (CCSM-BEC) POC flux at export depth (z 0 ), and at 500, 1000 and 2000 m produce slopes and correlation coefficients very close to 1 (Table 1). We are thus confident that the exponential model accurately represents the range of behavior of CCSM-BEC's vertical particle flux model.
The spatial distribution of the parameters α, λ and f and their standard errors, obtained from fitting Eq. (1) to CCSM-BEC annual mean POC flux profiles and NPP, is shown in subtropical parts of the South Atlantic, North and South Pacific, east equatorial Pacific, and along the subpolar fronts in the South Pacific and southern Indian Ocean correspond to areas of higher transfer efficiency (Fig. 4f) , and regions of higher labile fraction (α > 95 %) in the North Atlantic and Pacific and just south of the equatorial Pacific have low transfer efficiency. The POC remineralization length scale (λ) generally increases with latitude, most likely due to temperature effects (see Sect. 2.1). λ ranges from ≈ 150 m in the tropics and subtropics to greater than 200 m at high-latitudes regions (Fig. 5c ). The highest values (> 250 m), however, occur in the upwelling region off the west coast of the Americas, in the northern Indian Ocean and in a small region in the North Atlantic subtropical gyre. The lower labile fraction (< 50 %) and higher remineralization length scale (> 250 m) in the northern subtropical Atlantic are indicative of a higher proportion of POC reaching the deep ocean, and thus high transfer efficiency as shown in Fig. 4f . The distribution of export ratio (f ) in the exponential model (Fig. 5e ) is virtually identical to that from CCSM-BEC (Fig. 4e) , highlighting the good fit of the exponential model. The seasonal cycles of α, λ and f for each of the model domain regions (Fig. 1) are shown in Fig. 6a-c . Labile fraction of POC (α) remains relatively constant and above 90 % in most regions (Fig. 6a) . In the northern subtropical Atlantic, α is significantly lower, ranging from 85 % in winter to less than 75 % in the summer months. In the northern Indian Ocean and northern and southern Southern Ocean, α also reaches a minimum in summer and winter, respectively. In the North Atlantic, α is close to 95 % for most of the year but drops below 90 % in winter. The seasonal decrease in the POC labile fraction in these four regions is directly related to the increase in the fraction of dust in the particulate sinking detritus (Fig. 6g) . In the northern subtropical Atlantic, North Atlantic, and southern Southern oceans, atmospheric dust deposition is relatively constant in time, so the minima in α occur when NPP is at its lowest value (winter in the southern Southern Ocean and North Atlantic and summer in the northern subtropical Atlantic, Fig. 6f ). In the northern Indian Ocean, the decline in POC labile fraction in summer is smaller, and is associated with a marked increase in atmospheric dust deposition (not shown).
The decreases in POC labile fraction in the North Atlantic in winter and the northern subtropical Atlantic in the summer are accompanied by a significant increase in the POC remineralization length scale (λ), denoting seasonal variations in transfer efficiency in these regions (Fig. 6a, b) . Low labile fraction and long remineralization length scale in these regions are the result of low productivity and elevated dust deposition (Figs. 4b and 5c ). The small increase in λ in the northern Southern Ocean in winter can be attributed to lower temperatures and higher fraction of CaCO 3 in sinking particulate material (Fig. 6d, i) . The increase in the ratio of CaCO 3 to POC flux in the northern Southern Ocean in winter is due to a decrease in the export of POC relative to CaCO 3 , rather than an increase in CaCO 3 flux. On a regional scale, export ratio (f ) is generally proportional to the ratio of primary production by diatoms to total primary production (Fig. 6c,  e) . Regions with high NPP diat /NPP tot have high f and vice versa. This broad spatial pattern is modulated by seasonal variations at high-latitude regions (southern Southern Ocean, northern Southern Ocean, North Atlantic and North Pacific) where export ratios follow the annual cycle in NPP (Fig. 6c) . In the southern Southern Ocean, NPP and, consequently, export ratios, are very low in austral winter due to severe light limitation despite the higher NPP diat /NPP tot (Fig. 6e) caused by a decrease in the relative abundance of picophytoplankton due to picophytoplankton higher light requirements (lower maximum Chl : N ratio).
The magnitude of the standard error of the estimates of α, λ, and f is inversely proportional to the goodness of fit of the exponential model. Therefore, regions characterized by high standard errors, such as the northern subtropical Atlantic, the northern Indian Ocean and the west coast of the Americas, denote areas where the fit of the exponential is not as good ( Fig. 5b, d, f) . Globally, the coefficients of variation for all three parameters are quite low (< 5 %) and given their confidence intervals at each grid point, the spatial variations in α, λ, and f shown in Fig. 5a , c, e are statistically significant. Nevertheless, analysis of the causes of the poorer fits can inform us about the factors or processes that control the POC flux in those regions and contribute to the spatial variation in α, λ and f . Figure 7a -c shows individual POC flux profiles from CCSM-BEC and the fitted exponential model at the locations marked in Fig. 5 . The profiles are located in regions of high standard errors for all three parameters and the misfits between the exponential model and CCSM-BEC are noticeable. In the northern Subtropical Atlantic (Fig. 7a) , the low (mostly regenerated) NPP (Fig. 4b) and the high proportion of dust (> 70 %) in the particulate sinking material (Fig. 7e) result in a combination of low export (f < 5 %) and slow decay (α < 40 %, λ > 250 m) that the exponential model is unable to fit well. On the west coast of South America and Africa and in the Arabian Sea region (Fig. 7b-d) , the misfits are caused by the lengthening of the POC remineralization length scale between 300 and 700 m, due to low dissolved O 2 concentrations (O 2 < 4 mmol m −3 , Fig. 7f ). In CCSM-BEC, the remineralization length scale for POC is doubled in regions where organic matter is oxidized through denitrification (see Table 7 in Appendix A1). The higher λ (> 250 m) regions on the west coast of Africa and the Americas and in the northern Indian Ocean (Fig. 5c ) are thus directly associated with oxygen minimum zones (OMZs) in CCSM-BEC.
The wide range of variation in α, λ and f (Figs. 5 and 8) highlights the flexibility of CCSM-BEC's vertical particle flux model and its ability to simulate widely different POC flux regimes. Globally, export ratios (f ) vary by an order of magnitude (3-35 %) and POC remineralization length scales (λ) vary by a factor of two (150-330 m). The largest variations in labile fraction (40 % < α < 95 %) are confined to the northern subtropical Atlantic and northern Indian Ocean regions and are driven by an increase in the dust : POC ratio of exported material (Fig. 8j) , caused by elevated atmospheric dust deposition. In parts of the North Atlantic and the Indian sector of the northern Southern Ocean, labile fraction also drops below 90 % as a result of an increase in the CaCO 3 : POC ratio of sinking material (Figs. 5a  and 8q ). In the remaining regions, there is still significant variability in the lability of sinking POC, with the refractory fraction (1 − α) varying by a factor of four (0.02-0.08, Fig. 8a ). The variation in remineralization length scale (λ) is largely controlled by water column temperature, ranging from ≈ 200 m in colder high-latitude regions to a minimum of ≈ 150 m in the warmest areas of the northern subtropical Pacific and western equatorial Pacific (Fig. 8b) . This is expected as the temperature dependence of the POC remineralization length scale is built into the CCSM-BEC model and there is significant latitudinal variation in temperature in the mesopelagic in CCSM, with temperatures at 590 m varying from below −2 • C in polar regions to 9-14 • C in the subtropical gyres (not shown). The large λ values (> 250 m) at high SSTs (Fig. 8b) are associated with the OMZ regions along the west coast of Africa and the Americas and the northern Indian Ocean. In the northern subtropical Atlantic, λ increases with the dust content in the exported material (Fig. 8k ) and the highest λ values (> 200 m) are associated with areas of low productivity and elevated dust deposition (Figs. 4b and 5c ). The combination of low labile fraction (α < 50 %) and high remineralization length scale (λ > 200 m) in the northern subtropical Atlantic, caused by high dust : POC ratios in sinking detritus, produces the highest transfer efficiencies in CCSM-BEC (Fig. 4f) .
In CCSM-BEC, variability in export ratio is primarily driven by ecosystem structure (diatom relative abundance) and water column temperature (Fig. 8d, h, Table 2 ). This is expected as CCSM-BEC is parameterized so that a larger fraction of zooplankton grazing is routed to POC when zooplankton feed on diatoms, and the POC remineralization length scale decreases with increasing temperature (see Appendix A1). Multivariate linear regression analysis (Table 2) shows that, despite the apparent correlation between export ratios and opal and dust export (Fig. 8p, l) , the opal and dust content of exported material does not affect the export ratio in CCSM-BEC (negligible differences in r 2 , Table 2 ). The negative regression coefficients between CaCO 3 content of exported material and export ratio evidently reflect the dominance of diatoms in regions of high export ratio, and not a "negative" ballast effect by CaCO 3 ( Table 2 ). Removal of CaCO 3 content of exported material from the regression results in a relatively small decrease in the explained variance ( Table 2) . Comparison of Fig. 8p and Table 2 also shows that the apparent correlation between export ratio and the opal : POC ratio in the export flux (r = 0.56, Fig. 8p ) is the result of diatom dominance in regions of high export ratios, and not evidence of a ballasting effect by opal.
Deep fluxes and transfer efficiency in CCSM-BEC
To look at the effects of ecosystem structure and composition of exported material on deep POC fluxes and transfer efficiency in CCSM-BEC, we examine the relationship be- POC with temperature, NPP, the relative contribution of diatoms to total NPP, mineral ballast export, and the ratios of mineral ballast export to POC export using stepwise multivariate linear regression analysis (MLR). The analysis is done using annual means of the different fields and thus focuses on spatial variation. The results of the stepwise MLR for standardized POC flux at 2000 m from CCSM-BEC are shown in Table 3 . In CCSM-BEC, the variation in POC flux at 2000 m is well explained by the mineral ballast export (r 2 > 0.98). Opal export has the highest partial regression coefficient and it alone explains over 50 % of the variability in the POC flux at 2000 m. Removal of temperature and NPP from the regression results in virtually no change in explanatory power. Thus, in CCSM-BEC, the magnitude of deep POC flux is mainly controlled by the mineral ballast export and is strongly influenced by opal export.
Similar analysis for the standardized transfer efficiency
POC against the standardized ratios of primary production by diatoms to total primary production and of dust, opal and CaCO 3 flux to POC flux at the export depth (Table 4 , upper part) shows that the dust content of the exported material has the strongest influence on transfer efficiency in CCSM-BEC, explaining over 90 % of its variation. However, strong atmospheric dust deposition is generally restricted to the northern subtropical Atlantic and the northern Indian Ocean. As seen in Sect. 3.3, the strong dust signal in these regions leads to lower labile fraction in the exported material (Fig. 8g ) and high transfer efficiencies (Fig. 4f) that have a disproportionately large impact on the global multivariate linear regression above (Fig. 9a) . Therefore, to account for strong regional biases on the effects of dust on transfer efficiency, we repeat the stepwise multivariate linear regression analysis with those two regions removed (Fig. 9e h, Table 4 lower part). The variation in transfer efficiency is well explained by the mineral content of the exported material (r 2 > 0.9), but dust is no longer the dominant factor (Table 4). Removing temperature and/or NPP diat NPP tot from the analysis has a negligible effect on explanatory power, as they are well correlated with each other (r = −0.65), and opal : POC and CaCO 3 : POC flux ratios combined explain over 90 % of the variation in transfer efficiency (Table 4) . With the strong regional dust signal removed, the CaCO 3 : POC ratio in the exported material becomes the most influential factor, explaining close to 40 % of the variation in transfer efficiency, followed closely by opal : POC.
The results from the regression analyses show that the spatial variation in deep POC flux and transfer efficiency in CCSM-BEC is explained by changes in mineral ballast ) annual mean export ratio (f * ) on standardized annual mean SST, and ratios of vertically integrated NPP by diatoms to total NPP and of dust, opal and CaCO 3 flux to POC flux at the export depth (z 0 ). SST is used as a proxy for water column temperature. export and their ratios to POC export, respectively. However, while the absolute flux is strongly influenced by opal export, transfer efficiency is mostly a function of dust and CaCO 3 content of exported material. The reason for the weaker opal control on transfer efficiency is that opal flux (diatom relative abundance) is well correlated with NPP (and absolute fluxes) but the ballasting effect by opal is much weaker due to its shorter remineralization length scale and strong temperature dependence. In addition, opal-rich regions are generally characterized by strong seasonality in NPP (Fig. 10b) and thus high variability in transfer efficiency, while CaCO 3 and dust-rich areas tend to be more stable, with lower NPP and higher mineral : POC ratios (Fig. 10c) , and the remineralization length scales for dust and CaCO 3 are significantly longer than that for opal (Table 7 in Appendix A1). Therefore, although opal export explains most of the variation in absolute POC fluxes at depth, CaCO 3 and dust are better predictors of transfer efficiency. In CCSM-BEC, ecosystem structure (
) does not have a significant influence on transfer efficiency. Nevertheless, the negative regression coefficients for NPP diat NPP tot in both regression analyses (Table 4) indicate that, in CCSM-BEC, transfer efficiency is inversely correlated with the relative contribution of diatoms to total NPP. This is consistent with the generally opposing spatial patterns of transfer efficiency and export ratio seen in Fig. 4 , as ecosystem structure is the primary factor driving the variability in export ratio (Sect. 3.3).
Discussion
Estimates of global POC export range from 4 Pg C yr −1 (Henson et al., 2011) to ≈ 21 Pg C yr −1 (Laws et al. (2000) using the model of Eppley and Peterson (1979) ), with values clustering around either 5 Pg C yr −1 (Moore et al., 2004; Lutz et al., 2007; Honjo et al., 2008; Henson et al., 2011 Henson et al., , 2012b or 10 Pg C yr −1 (Laws et al., 2000; Schlitzer, 2004; Gehlen et al., 2006; Dunne et al., 2007; Laws et al., 2011) (Table 5) . Similarly, global mean export ratio computations vary around ≈ 10 % and ≈ 20 % (Table 5) . Part of the variation in global export estimates in Table 5 is a result of different definitions of export depth. Most studies use a fixed export depth of ≈ 100 m or define export depth as the maximum of either the euphotic zone or mixed layer depths. Shallower export depths result in higher export estimates and vice versa. We expect the use of a fixed export depth of ≈ 100 m to produce lower global export estimates compared to studies using a spatially/temporally varying export depth due to the higher magnitude of the underestimation bias in productive, higher latitude regions where the export depth is significantly shallower than 100 m. CCSM-BEC's estimates of global POC export (6.04 Pg C yr −1 ) and export ratio (12.9 %) are consistent with those in the first group. Different experiments with CCSM-BEC using different types of forcing produce global POC exports and export ratios in the range 5.5-6.3 Pg C yr −1 and 11.5-12.9 %, respectively, which are close to those obtained by Moore et al. (2004) with an earlier version of CCSM-BEC. Global POC export estimates from the parameterizations shown in Fig. 3 vary between 2.23 and 7.73 Pg C yr −1 (3.8 % ≤ f ≤ 16.9 %) but most values are in the 4-5.5 Pg C yr −1 (6.7 % ≤ f ≤ 10.8 %) range (Table 6) , which also makes them consistent with CCSM-BEC and other studies in the first group. The 15 N isotope-based global export estimate of Laws et al. (2000) (11.1 Pg C yr −1 , 21 %) includes both DOC and POC, and is most likely an overestimation, as it does not account for potentially large biases due to significant levels of nitrification in the upper ocean .
The studies shown in Table 5 have their own sources of bias and uncertainty, and many are based on algorithms derived from or calibrated with sparse in situ data. It is clear from the range of estimates that in situ observations do not provide the necessary resolution to evaluate export estimates by the different methods or constrain particle flux parameterizations, which can lead to significant differences in global estimates (Gehlen et al. (2006) , Table 5 ). Extrapolating point measurements (Fig. 1) to compute global means or integrals implies a fair amount of spatial and temporal homogeneity. The impact of spatial variability on estimates of global export and export ratios is evident in the comparison of the results from the global and regional exponential models in Table 6 . Using satellite NPP, the export and export ratio estimates from the regional exponential model are more than double those of the global model. Compounding the problem are the relatively large uncertainties associated with sediment trap data, particularly from shallow traps (< 1000 m).
While there is some agreement regarding estimates of global export and mean export ratios, there are few independent estimates of global transfer efficiency (Table 5) (Table 5 ). The global area-weighted mean transfer efficiency in CCSM-BEC (5.5 %) is significantly lower than those from Henson et al. (2012b) , and the parameterizations shown in Fig. 3 , which range between 22.8 and 38.3 % (Table 6). The difference can be attributed to differences in formulation as well as the difference in complexity between CCSM-BEC's vertical particle flux parameterization and that of the other models. As we saw in Sect. 3.3, CCSM-BEC's complexity translates into a wide range of variation in labile fraction, remineralization length scales and export ratios (Figs. 5a, c, e and 8) that allow it to simulate widely different POC flux regimes. By contrast, the simpler parameterizations in the regional exponential and Lutz models have a more uniform parameter space, resulting in more spatially homogeneous POC flux profiles and transfer efficiency fields and thus significantly different global estimates. The four parameterizations of the exponential model (global, regional, satellite, and CCSM-BEC NPP) also tend to underestimate shallow fluxes and overestimate deep fluxes (Fig. 3b-h ), Table 5 . Global annual export and global mean export ratios and transfer efficiencies from other studies in the literature. The transfer efficiency for Martin et al. (1987) (2000) estimate is for total export (POC + DOC). The export ratios (f ) between parentheses were estimated from global POC exports assuming global NPP of 51 Pg C yr −1 (Carr et al., 2006) .
Laws et al. (2000) 11.1 21 Laws et al. (2011) 9. 23-13.24 19.1-27.5 Schlitzer (2004) 9.6 (18.8) Gehlen et al. (2006) 5-10 13.5-28.6 Dunne et al. (2007) 9.6 (18.8) Eppley and Peterson (1979) 4.7 20 Moore et al. (2004) 5.8 8. 3 Lutz et al. (2007) 4.6 (9) Honjo et al. (2008) 5.7 16.3 7.6 Henson et al. (2011 Henson et al. ( , 2012b 4 10 19 Martin et al. (1987) 8.3
compared to CCSM-BEC (Sect. 3.1). These biases lead to an overestimation of transfer efficiency that is consistent with the results shown in Table 6 . The difference in transfer efficiency between CCSM-BEC and the simpler models also highlights the effect of spatial variability on global budgets.
As the number and range of estimates in Table 5 shows, estimates of transfer efficiency in the ocean remain largely unconstrained despite significant efforts by observational scientists. Although CCSM-BEC's particle flux model is fundamentally based on the ballast hypothesis (Armstrong et al., 2002) , the vertical flux of POC to depth in CCSM-BEC is the result of the interaction of mineral ballast effects, environmental and biogeochemical factors, and ecosystem dynamics. The temperature dependence of the POC remineralization length scale is modulated by denitrification under low O 2 concentrations and lithogenic (dust) fluxes. Export ratio is governed by diatom relative abundance while degradability of exported material is mainly influenced by dust and CaCO 3 content. Transfer efficiency in the model is primarily controlled by dust and CaCO 3 , and, to a lesser extent, opal content of the exported material. The relative importance of the different ballast minerals in controlling transfer efficiency is the result of their respective remineralization length scales and their local supply or production in relation to local NPP. Thus, oligotrophic regions with high calcification and/or dust deposition (longer length scale) will have higher transfer efficiency than productive, opal-rich (shorter length scale) regions. Ecosystem structure does not affect transfer efficiency directly, but its indirect effect is evident in the inverse correlation between diatom relative abundance and transfer efficiency (Table 4 ) and the generally opposing spatial patterns of export ratio and transfer efficiency (Fig. 4e, f) . A similar relationship between ecosystem structure (diatom relative abundance), export ratio and transfer efficiency was found by François et al. (2002) and Henson et al. (2012b) . François et al. (2002) , analyzing data from deep (> 2000 m) sediment traps, found that transfer efficiency is primarily driven by the CaCO 3 content of sinking particles, and attributed the absence of a ballasting effect by opal to an ecosystem or "packaging" effect that changes the lability of sinking particles and counteracts the ballasting effect of opal. Henson et al. (2012b) , on the other hand, concluded, based on satellitederived algorithms calibrated with sediment trap data, that transfer efficiency is mainly driven by community structure (inversely correlated with diatom relative abundance). Comparison of our results with François et al. (2002) and Henson et al. (2012b) shows that although the three studies show similar relationships between ecosystem structure and transfer efficiency, different methodologies, assumptions and approximations can produce significantly different correlations between specific factors. In addition, many of the factors are not truly independent; biomineral ballast composition is inextricably linked to community structure (see Sect. 3.3, Table 2), and an effect akin to ecosystem control of transfer efficiency can be achieved with a ballast-based model. Therefore, it is difficult to differentiate between ecosystem (community structure) and ballast control of transfer efficiency. Dust is distinct from CaCO 3 and opal in that it does not have a biological source, and therefore its ballasting effects should be more easily distinguishable from community structure effects.
Lithogenic material is an important control of transfer efficiency in CCSM-BEC. Dunne et al. (2007) , using a combination of algorithms that connect satellite-estimated NPP to particulate fluxes through the water column to the sediments, also concluded that lithogenic material plays an important role in the transport of POC to the deep ocean, particularly in low-productivity areas, accounting for close to 50 % of the total POC flux to the sea floor. In the northern subtropical Atlantic, the combination of elevated dust deposition and low NPP produces high dust : POC ratios which in turn result in low labile fraction and long remineralization length scale and the highest transfer efficiencies in CCSM-BEC (Fig. 4f) . Klaas and Archer (2002) also found that the magnitude of the POC flux to deep (> 3000 m) sediment traps is mainly a function of the CaCO 3 and lithogenic content of the sinking particles. François et al. (2002) , analyzing a different subset of the same data, concluded that lithogenic material does not have a significant effect on transfer efficiency. However, their conclusion is based on data from 68 sediment traps, few of which are located in regions of strong lithogenic influence (northern subtropical Atlantic). Our results, on the other hand, are from a model but cover a wide range of environments and flux regimes. The effect of dust on transfer efficiency in CCSM-BEC has a strong regional bias POC × 100) for the eight POC flux models shown in Fig. 3 . The 95 % confidence interval for the global export estimates from the different models were computed using the bootstrap method with 10 000 samples drawn randomly with replacement. (Fig. 1) 7.73 ± 0.25 16.7 25.4
(northern subtropical Atlantic, northern Indian Ocean) and may be overestimated to some extent. The model's lithogenic coefficients are the least well constrained and at the upper end of the estimate from Klaas and Archer (2002) . Another factor is that, in the current POC flux parameterization, the fraction of dust-associated POC is proportional to the vertical dust flux (Eqs. A5 and A14) and is given by the POC / dust mass ratio for particulate matter (ω dust , Table 7 ). This parameter does not depend on NPP and is held constant in the model. Thus, in regions of strong atmospheric dust deposition and low NPP, such as the northern subtropical Atlantic, this parameterization could lead to unrealistically high fractions of POC associated with dust and an overestimation of transfer efficiency. This is a potential weakness in the model, but we currently do not have the observational data to test it. In the regions of low dust input, transfer efficiency is mainly affected by CaCO 3 content of sinking material; this result is consistent with previous studies (François et al., 2002; Klaas and Archer, 2002; Dunne et al., 2007) . The sparseness of sediment-trap data ( Fig. 1 ) and the relatively large uncertainties associated with those observations make it difficult to constrain and evaluate POC flux to depth estimates from numerical models and satellite-based parameterizations. As a result, significantly different models and parameterizations show relatively similar skills when compared with observations (Fig. 3) . CCSM-BEC's skill at reproducing POC flux estimates at sediment trap locations is equal to or better than that of other parameterizations. However, using CCSM-BEC NPP in the Lutz and exponential models results in a significant decrease in correlation between model estimates and observations (Fig. 3) . Errors and biases in CCSM-BEC's NPP do not necessarily translate into lower skill for CCSM-BEC because of the complexity of CCSM-BEC's vertical particle flux model. The vertical POC flux in CCSM-BEC is a function of many different factors in addition to NPP: environment, biogeochemical processes, mineral ballast, and ecosystem structure. This results in a disconnect and low correlation (r = 0.16) between POC flux and NPP at sediment trap locations. In the simpler parameterizations of Lutz and the exponential models, POC flux is a more direct function of NPP (exponential decay of a fraction of NPP), and NPP and POC flux are more strongly correlated. Therefore, errors and biases in CCSM-BEC's NPP have a proportionally larger effect on POC flux estimates in these models.
In CCSM-BEC, transfer efficiency is mainly controlled by mineral ballast (dust and CaCO 3 ) through changes in labile fraction (α) and remineralization length scale (λ) of sinking POC. This effect is most pronounced in oligotrophic regions, where mineral : POC ratios are relatively high. In the northern and southern subtropical Atlantic gyres, in particular, strong atmospheric dust deposition in combination with low NPP produces the highest transfer efficiencies in CCSM-BEC (> 10 %). However, the virtual absence of sediment trap measurements in these regions (or other oligotrophic gyres, Fig. 1 ) makes it difficult to evaluate these model results against observations. Model POC remineralization length scale is further modulated by temperature and O 2 concentrations. More observations in OMZ regions would be of great value in quantifying and constraining the effect of low O 2 concentrations on POC remineralization length scales. Export ratio in CCSM-BEC is mainly a function of phytoplankton community structure and temperature. The available sediment flux data, however, tend to be from sites located in productive areas (high-latitude, frontal and upwelling regions or near continental margins, Fig. 1) , and therefore do not provide much contrast between ecological regimes; this makes it more difficult to evaluate the role of ecosystem structure on export ratios and transfer efficiency. To thoroughly evaluate and test model results and better understand the processes controlling POC flux to depth in the ocean, it is necessary to gather more observations in a wider range of ecological regimes, including oligotrophic gyres, OMZ regions, and areas under strong lithogenic influence. 
Summary and conclusions
CCSM-BEC's particle flux model is fundamentally based on the ballast hypothesis, but the vertical flux of POC to depth in CCSM-BEC is the result of the interaction of many different processes including: mineral ballast effects, environmental and biogeochemical factors, and ecosystem dynamics. The POC remineralization length scale's dependence on temperature is modulated by denitrification under low O 2 concentrations and lithogenic (dust) fluxes. Export ratios are mainly a function of diatom relative abundance and temperature, while transfer efficiency is driven primarily by dust and CaCO 3 , and, to a lesser extent, the opal content of the exported material. The close link between mineral ballast composition and plankton community structure results in correlations between export ratios and ballast mineral fluxes (opal and CaCO 3 ), and transfer efficiency and diatom relative abundance that do not necessarily reflect ballast or direct ecosystem effects, respectively. This suggests that differentiating between ecosystem and ballast effects might be difficult in observations. CCSM-BEC's skill at reproducing sediment trap observations is equal to or better than that of other parameterizations. However, the sparseness and relatively large uncertainties of sediment trap data makes it difficult to accurately evaluate model skill. More POC flux observations, over a wider range of ecological regimes, are necessary in order to thoroughly evaluate and test model results and better understand the processes controlling POC flux to depth in the ocean. and Q Si diat are the CaCO 3 : C and Si : C ratios for small phytoplankton and diatoms, respectively, the G POC X terms represent the fraction of zooplankton grazing (G X ) on each phytoplankton group (X = {sp, diat, diaz}) that is directed to POC, the term X POC loss represent the fraction of linear mortality (X loss ) for each phytoplankton functional group (X = {sp,diat}) that is directed to POC, Z POC loss represents the fraction of zooplankton total mortality (Z loss ) that is directed to POC, and the terms X agg represent the quadratic mortality, or "aggregation", for each phytoplankton functional group (X = {sp, diat}). The expression for each of the terms in Eqs. (A1)-(A3) is shown below and the definitions and values for the parameters in those expressions are presented in T f is the temperature-dependency function for the ecosystem model and is defined as T f = q T −T ref 10
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, and SP C , Diat C , Diaz C and Z C represent small phytoplankton, diatom, diazotrophs and zooplankton carbon concentrations (mmol C m −3 ), respectively.
POC is partitioned between free and mineral-associated fractions according to the POC / mineral mass ratio for particulate matter (ω x ) for each mineral ( 
The fraction of mineral-associated POC that is routed to the hard subclass is determined by the parameter f hard x for each mineral (Table 7) 
Remineralization is computed from conservation. Table 7 .
A2 Exponential model
POC flux (F ) is assumed to decay exponentially with depth (z), following
where F (z 0 ) is the POC flux at export depth z 0 (export flux) and λ is the remineralization length scale. Assuming labile (α l ) and refractory (α r ) fractions, Eq. (A21) becomes 
